ABSTRACT. Guided wave structural health monitoring is a challenging problem, in part because of the complexity of signals received in a real structure containing geometrical features and boundaries. Signals scattered from damage can be one or two orders of magnitude smaller in amplitude than the direct arrival. Detection of these small, scattered signals is often accomplished by comparing signals of interest to one or more baseline signals recorded from the undamaged structure. Previous work by many researchers has shown that homogeneous temperature changes as small as a few degrees Celsius can mask damage unless compensation is made. Here we consider the impact of applied loads on complex guided wave signals because such loading effects may be unavoidable in the in situ environment. Experiments were performed and are described where data from a spatially distributed array of piezoelectric sensors are recorded as a function of applied uniaxial load before and after introduction of simulated damage via an attached mass. Load-dependent signal changes in both short and long time regimes are considered, and their impact on structural health monitoring is discussed.
INTRODUCTION
Many structural health monitoring (SHM) methods employing guided ultrasonic waves are being developed with the intent of providing continuous or periodic monitoring during normal operation of the structure. These methods, of necessity, must have adequate sensitivity to damage while simultaneously being sufficiently insensitive to normal environmental and operational conditions (EOCs). SHM methods that require comparison of current signals to baselines recorded from the undamaged structure are particularly prone to undesired sensitivity to EOCs, and many researchers have considered approaches that are effective for compensating for homogeneous temperature variations [1] [2] [3] . It has been observed that the more complex the recorded signals in terms of echoes and modes, the more difficult it is to compensate for temperature variations [4] .
More recently, it was observed that guided wave signals recorded during fatigue testing of a complex airplane wing exhibited a strong sensitivity to applied loads [5] . This sensitivity was manifested in two primary ways. The first was an anisotropic time shift in the first arrivals as compared to the no-load signals, and the second was a loss of temporal coherence that increased with both load and time from transmit. These effects are similar to those of temperature changes except for the anisotropic effects. In this paper, the effects of an applied uniaxial tensile load on guided waves are further studied in the context of their potential impact on structural health monitoring.
THEORY
A uniaxial tensile load has two primary direct effects on guided wave propagation between two attached sensors. The first relates to changes in dimensions, which affect both the plate thickness and the transducer separation distance. The second is the change in wave speeds with load, which is the well-known acoustoelastic effect for bulk shear and longitudinal waves [6] [7] [8] . The theory for acoustoelastic Lamb wave propagation is much more complicated, but has recently been developed for uniaxial loads and an arbitrary direction of propagation [9] . Although there is no closed-form expression, numerical results show the anisotropic perturbation of dispersion curves and indicate that for a given frequency and Lamb wave mode, the change in phase velocity c p has the following form:
In this equation ı 11 is the uniaxial stress applied along the x 1 axis, ș is the direction of Lamb wave propagation, and K 1 and K 2 are the two acoustoelastic constants for the particular frequency, mode and applied stress direction. Examination of this equation shows that the change of phase velocity is linear with stress and sinusoidal with direction of propagation. Changes of wave speed with stress for shear and longitudinal bulk waves and Rayleigh waves follow the same form, but the acoustoelastic constants are not frequency dependent for a homogeneous uniaxial load [7] .
EXPERIMENTS
Measurements were made by permanently attaching PZT discs to the surface of an aluminum plate and applying uniaxial loads via a commercial tension testing machine. Guided waves were generated and recorded using six of these PZT disc transducers that were glued to the plate on the circumference of a 218 mm radius circle; a sketch is shown in Figure 1 . The plate was 6.35 mm thick and its dimensions were 305 mm × 610 mm. Its ends were machined to accommodate grips so that the plate could be securely held in the testing machine during loading.
Guided waves were generated by exciting each transducer with a 10 volt, 250 kHz, 5 cycle, Hanning windowed sinusoid, and signals received by each of the other five transducers were recorded. A total of 30 signals were recorded for each measurement but, because of reciprocity between pairs (e.g., the signal from transmitting on #1 and receiving on #2 is the same as the one from transmitting on #2 and receiving on #1), only 15 of these 30 signals were considered for further analysis. At this frequency the S 0 Lamb wave mode is the first arrival, but the A 0 Lamb wave mode is also present. The size of the plate is such that the echoes corresponding to the first S 0 arrivals are generally not separable from the A 0 arrivals and various geometrical reflections.
Data were initially recorded at tensile loads starting at 0 MPa and increasing to a maximum of 57.5 MPa in steps of 5.75 MPa. A glued-on mass consisting of a 100 mm long, 12.5 mm diameter stainless steel rod was then affixed to the plate as shown in Figure 1 to simulate damage, and the measurement process was repeated. shows residual signals from zero load for the latter two conditions, and it can be seen that signal changes from the maximum load are significantly larger than those from the mass. Additional insight can be obtained by plotting the residual signals as a function of load, as is done in Figure 4 for transducer pair 1-4. It can be seen that the amplitudes of the residual signals increase monotonically as the load increases and that their shape does not change significantly. The overall change in a specific signal relative to a baseline can be quantified by a signal difference coefficient D, which is defined as,
In this equation, w(t n ;L) is the recorded signal at time t n and load L, and w b (t n ;Lௗ=ௗ0) is the corresponding baseline signal recorded at zero load. Figure 5 (a) is a plot of D vs. L for six transducer pairs and a 450 μs window starting at the arrival time for each pair, and Figure 5(b) is the same plot but after the mass was glued to the plate. Figures 5(c) and 5(d) are the corresponding plots but for a 50 μs window. For all four plots, the baseline signal was that recorded at zero load and prior to gluing on the mass. The primary effect of the mass is evident in the significant increase of the signal difference coefficients at small loads; the effect is small at larger loads for the longer time window. Figure 6 , where the general trend of increasing signal differences with time can be observed, although the increase is not monotonic for most of the transducer pairs. This plot corroborates prior observations of later time windows losing coherence with load to a greater extent than earlier time windows [5] .
DISCUSSION
The signal difference coefficient D of Eq. (2), along with other similar parameters, has frequently been proposed as a so-called "damage index" to track and quantify damage in structural components [10, 11] . Just about any measure of signal differences is effective for damage detection when there are no other factors present that can change signals, such as variable loads or variations in other EOCs. Glued-on masses are often used to simulate damage because their effect on guided wave signals is of the same order of magnitude as scattering from damage. If such a mass is used to set damage detection thresholds for the parameter D, a comparison of Figure 1 , a strong relationship between D and the angle of propagation between source and receiver can be seen. The highest D value is for pair 4-6, where the angle of propagation is close to 90° (near-vertical), and the lowest D value is for pair 2-6, which is closer to a 0° angle (near horizontal). The remaining pairs have D values that are close to monotonic with propagation angle. This relationship is not surprising since the first 50 μs window comprises mainly the first arrival, and the biggest time shift is along the loading direction [12] . In contrast, the larger time window comprises many echoes that correspond to multiple directions of propagation, regardless of the orientation of the transmitter and receiver. Consequently the change in signals does not differ as much as for the small time window and is not as strongly related to the angle between transmitter and receiver.
The plots of Figures 5(b) and 5(d), which show D(L) curves after addition of the mass, also exhibit some key differences. For the long time window, the effect of the mass is largest for small loads, whereas for larger loads the D values are similar to those without the mass. That is, the D(L) curves with the mass appear to be asymptotic to the curves without the mass for all transducer pairs shown. It is also instructive to note that in Figure  5(b) , the D(L) curves for transducer pairs 1-3 and 2-4 both jump quite a bit at no load, but do not continue this trend as the load increases. By examining Figure 1 it can be seen that the mass is very close, if not directly on, the direct path of propagation for these two pairs, which accounts for the initial jump in D since the mass interferes with the direct arrival. But as the load increases, signal differences later in time caused by the loading effects dominate, and these curves approach their behavior shown in Figure 5 (a) before the mass was added. This behavior differs for the shorter time window, where for these two pairs (i.e., 1-3 and 2-4) the dominant effect at all loads is the glued-on mass since the mass is on the direct propagation path. For the pairs where the mass is farther away from the direct path, the load-dependent behavior is close to asymptotic to that measured before the mass was added (i.e., 1-5 and 4-6). The behavior is intermediate for the other two pairs shown (2-6 and 3-5) .
CONCLUSIONS
This experimental study shows the effects of an applied uniaxial load on both the short-time and long-time guided wave signals recorded with a spatially distributed array. Signal changes due to loading effects only are clearly significant and, although not shown here for real damage, are likely to be of the same or larger magnitude than signal changes resulting from damage. Proposed damage detection and quantification methods that rely upon signal change coefficients, often referred to as "damage indices," are thus likely to fail in the presence of loading variations. Future work should consider the effects of real damage such as fatigue cracks, methods to recognize and quantify applied loads, and techniques to compensate for loads such as have been developed for temperature changes.
